A B S T R A C r The effects of obesity and caloric intake on biliary lipid metabolism were investigated in a series of related studies. The degree of saturation of gallbladder bile with cholesterol was found to be significantly higher in a group of 23 obese healthy subjects than in a group of 23 nonobese controls matched for age, sex, and race. Bile was also significantly more saturated in 11 obese subjects before than after weight reduction. To determine whether supersaturated bile in obesity is due to excessive secretion of cholesterol or to deficient secretion of bile acids and phospholipids, the hepatic outputs of these three lipids were measured during constant duodenal infusion of formula in the same 11 subjects before and after weight reduction. Weight reduction resulted in significant reduction of cholesterol output but not of bile acid or phospholipid output. Moreover, very obese subjects were found to have cholesterol secretion rates markedly higher than less obese subjects previously studied by the same method. In obese subjects, bile was supersaturated with cholesterol despite increased bile acid pool sizes and increased secretion rates of bile acids and phospholipids. Supersaturated bile in the obese could therefore be attributed to a single defect in lipid secretion, namely, an excessive output of cholesterol.
A B S T R A C r The effects of obesity and caloric intake on biliary lipid metabolism were investigated in a series of related studies. The degree of saturation of gallbladder bile with cholesterol was found to be significantly higher in a group of 23 obese healthy subjects than in a group of 23 nonobese controls matched for age, sex, and race. Bile was also significantly more saturated in 11 obese subjects before than after weight reduction. To determine whether supersaturated bile in obesity is due to excessive secretion of cholesterol or to deficient secretion of bile acids and phospholipids, the hepatic outputs of these three lipids were measured during constant duodenal infusion of formula in the same 11 subjects before and after weight reduction. Weight reduction resulted in significant reduction of cholesterol output but not of bile acid or phospholipid output. Moreover, very obese subjects were found to have cholesterol secretion rates markedly higher than less obese subjects previously studied by the same method. In obese subjects, bile was supersaturated with cholesterol despite increased bile acid pool sizes and increased secretion rates of bile acids and phospholipids. Supersaturated bile in the obese could therefore be attributed to a single defect in lipid secretion, namely, an excessive output of cholesterol.
To determine whether the rate of caloric intake can account for the effects of obesity on biliary lipid composition and secretion, nine obese white men were studied on a weight maintenance diet and then during weight reduction on a 1,000 cal diet. As compared to weight (1) . Received for publication 13 November 1974 and in revised form 11 June 1975. lesterol did not decrease during weight reduction, evidently because of the mobilization of cholesterol from adipose stores and the marked reduction in bile acid and phospholipid output observed during chronic caloric restriction. Acute alterations in caloric infusion rates did not fully reproduce the effects of chronic administration of high and low calorie diets. Likewise, chronic intake of hypercaloric diets by nonobese subjects did not reproduce the cholesterol hypersecretion characteristic of the obese. Thus, increased cholesterol secretion in obese subjects could not be fully explained by the amount of calories they ingested to maintain stable weight.
It is concluded that obesity is characterized by excessive hepatic secretion of cholesterol which results in supersaturated bile.
INTRODUCTION
On the basis of clinical observations, obesity has long been suspected of contributing to cholelithiasis (2) . Epidemiologic Ftudies relating obesity to gallstones have thus far been inconclusive, but several studies have reported a positive correlation between obesity and gallstone prevalence (3) (4) (5) (6) (7) (8) (9) (10) . The causes of this correlation have not been elucidated, but most gallstones in obese patients are composed predominantly of cholesterol (10) .
A biochemical approach to the etiology of cholesterol cholelithiasis has been opened by recent advances in understanding of the physicochemical bases of gallstone formation (11) . Cholesterol, insoluble in water, is solubilized in bile by mixed micelles of bile acids and phospholipids (12) (13) (14) . Cholesterol precipitation and gallstone formation are favored when bile contains more cholesterol than can be held in stable solution by available bile acids and phospholipid (11, (15) (16) (17) (18) (19) . It is generally agreed that supersaturation of bile occurs when cholesterol is in the range of 6-10 molar percent of the The Journal of Clinical Investigation Volume 56 October 1975 996-1011 total lipid mixture of cholesterol, bile acids, and phospholipids (11, 20, 21) .
The relative proportion of cholesterol in bile will obviously be increased by whatever factors induce a disproportionate decrease in hepatic secretion of bile acids or phospholipids or an increase in cholesterol secretion. The importance of a deficiency of solubilizing lipids (bile acids and phospholipids) in the production of supersaturated bile has been shown by several studies (22) (23) (24) (25) (26) . On the other hand, studies in our laboratory have demonstrated that an absolute increase in secretion of cholesterol also contributes to formation of supersaturated bile in both American Indian and young white women with cholesterol gallstones (18, 19) . In both Indian and white women, however, gallstone patients were more obese than control subjects, suggesting that obesity may have been responsible for the enhanced cholesterol secretion. Previous studies have established that obesity is associated with an increased production of cholesterol (27) (28) (29) (30) (31) (32) , and since the biliary tree is the main route of cholesterol excretion in man, it might be expected that biliary secretion of cholesterol would be increased in obesity.
The present work was undertaken to study the relation between obesity and biliary lipids; specifically, it was designed to answer the following questions: (a) Is obesity associated with increased saturation of bile with cholesterol? (b) If so, is this increased saturation due to excessive cholesterol secretion or deficient secretion of bile acids and phospholipids? (c) Will weight reduction reverse any increased saturation associated with obesity? (d) Are the effects of obesity on bile mediated by the level of caloric intake required to maintain the obese state ?
METHODS
Several related studies were carried out in the Phoenix Clinical Research Section (National Institute of Arthritis, Metabolism, and Digestive Diseases; National Institutes of Health), Phoenix, Ariz. and in the Special Diagnostic and Treatment Unit, Veterans Administration Hospital, San Diego, Calif. The experimental design and location of these studies are outlined in Table I , and a detailed description of each study is given below. All subjects were in good health and were without hepatobiliary or metabolic disorders except as explicitly noted below. Urinalysis, serum glutamic oxaloacetic transaminase (GOT), alkaline phosphatase, bilirubin, albumen, prothrombin time, thyroxine, fasting blood sugar, urea nitrogen, and creatinine were normal in all subjects. Informed written consent was obtained from each subject before the study.
Experimental design I. EFFECTS OF OBESITY: STUDIES DURING MAINTENANCE OF STABLE WEIGHT
A. Composition of lipids in gallbladder bile was determined in 23 pairs of subjects who were matched according to age, sex, and race. One member of each pair was obese and the other was near normal weight (33) . They consisted of five pairs of Indian women, five pairs of Indian men, five pairs of white women, and eight pairs of white men. All were in good health except that the nonobese white men had chronic peptic ulcer disease; they were in the hospital as part of a protocol which provided extensive evaluation for possible vagotomy. None had evidence of hepatobiliary disease, and all were in a good state of nutrition.
B. Hepatic secretion rates of biliary lipids were determined during weight maintenance before caloric restriction in 16 very obese subjects. These comprised all subjects weighing more than 150% of ideal weight (33) included in studies I-C and II-A below. Seven of these subjects were studied in Phoenix (study I-C before weight loss) and nine in San Diego (study II-A before caloric restriction). Their biliary lipid secretion rates were compared with those of other groups of subjects previously studied by the same method in our laboratories (Table IV) . These latter groups include American Indian women with cholesterol gallstones, non-Indian women with gallstones, Indian men without gallstones, and white women without stones; the results of these patients have been presented previously (18, 19) . For additional comparison, data from 10 nonobese white men are also included; these men were recently studied in our laboratory as part of an investigation of lipid metabolism in mild fasting hypertriglyceridemia. They were in good health and without evidence of hepatobiliary disease.
C. Composition and secretion of biliary lipids were studied during weight maintenance before and after weight re-(luctioln in II obese subjects. Their age, race, sex, and weight are shiowtn in Table V . All asere in good health and normal by the criteria specified above except that one subject (G. D.) had undergone cholecystectomy for gallstones several years previously. During the period of weight maintenance, both before and after weight reduction, four of the subjects were inpatients on the metabolic ward and they consumed a repetitive, solid-food diet containing 40% fat and average daily cholesterol content of 1,230 mg before weight reduction and 1,170 mg after weight reduction. The other seven subjects were outpatients who adjusted their own food intake to maintain constant weight; these subjects were employees at or near the hospital, and their weights were measured daily at the metabolic ward. Before weight reduction, while in the weight-maintaining state, lipid composition of gallbladder bile and the hepatic secretion rates of biliary lipids were determined. After completion of these initial studies, the subjects lost weight by adherence to a solid food diet containing 300-500 cal per day. This diet was provided daily at the metabolic ward with daily vitamin supplementation and liberal fluid intake. Serum potassium, uric acid, and creatinine were monitored weekly. Intermittent oral KCl supplementation was required in two subjects to maintain serum potassium within the normal range of 3.5-5.0 meq/ liter. After weight loss, constant weight was re-established and maintained for an average of 23 days (range 11-44 days); this period was allowed to eliminate effects of the catabolic state. The studies of biliary lipid composition and secretion listed above were then repeated in each subject. A. Bile lipid corn position anid secretion, steroid synthicsis (Did excretion, anid bile acid pool sine in 10 obese subjects were determined during weight maintenance on a eucaloric diet and then during weight loss on a hypocaloric diet. All 10 subjects were hospitalized on the metabolic ward for 3-5 mo. After a brief period of stabilization in the hospital, they were started on a eucaloric diet and maintained at constant weight for approximately 1 mo (Period A-1). Throughout this period, all stools were collected for measurement of cholesterol balance. The caloric content of the diet was then reduced to 1,000 cal per day, and stool collections were discontinued for 1-2 mo. Then, while the subjects were still on the hypocaloric diet, cholesterol balance studies were resumed and continued for several weeks (Period A-2). Throughout both the eucaloric and the hypocaloric periods, the subjects consumed a diet of mixed solid food and formula containing 40% of calories as fat. B. Biliary lipid secretion rates awd bile acid pool size in two nonobese subjects were determined during weight maintenance on a eucaloric diet (Period B-1), again on a hypocaloric diet (Period B-2), and then on a hypercaloric diet (Period B-3). The level of caloric intake of these nonobese su')jects during Periods B-2 and B-3 was the same as that of the obese subjects( above) during Periods A-i alI(1 A-2, respectively. The purpose of this study was to see whether the level of caloric intake can alone account for the changes in biliary lipid metabolism observed in obesity or whether differences between obese and nonobese persist even during identical dietary intake. Dietary composition was similar throughout this study to that described above. Each period was approximately 1 mo, and measurements of biliary lipid outputs and bile acid pool size were made at the end of each period.
II. EFFECTS OF CALORIC INTAKE

Techniques of sample collection and analysis
Gallbladder bile was collected after an overnight fast through a tube positioned in the second portion of the duodenum. After stimulation of gallbladder contraction, 40-80 ml of bile was collected on ice by siphonage through the tube, mixed well, and a 3-10-ml portion taken for analysis. Samples were analyzed for cholesterol, bile acids, and phospholipids, as described previously (34) .
Composition and secretion rates of biliary lipids dnrlio formula infuision were determined by the method of Grundy the Metzger (34) as follows. The night before the study the subjects swallowed a 3-lumen tube. The next morning the tube was positioned with X-ray guidance in the duodenum so that two proximal outlets were adjacent to the ampulla of Vater and the third outlet was 10-12 cm distal. After collection of gallbladder bile, as above, that portion of the gallbladder bile which was not saved for analysis was returned to the subject via the tube. Then a liquid formula containing 40% of calories as lard was infused continuously through one of the proximal outlets for the remainder of the study. P-sitosterol or ["4C]cholesterol (New England Nuclear, Boston, Mass.) was infused with the formula as a dilution marker. After allowing 4 h for gallbladder contraction and for stabilization of hepatic bile secretion, hourly samples were obtained from the second proximal and distal outlets by slow continuous aspiration. Lipid composition of stimulated hepatic bile was determined by analysis of the samples obtained at the proximal aspiration port. The rate of cholesterol output was determined from its ratio to the dilution marker at the distal port. Outputs of bile acids and phospholipids were then calculated from their concentration ratios to cholesterol at the proximal outlet. Evidence that the gallbladder is relatively inactive after 4 h of infusion, so that outputs of lipid at the ampulla of Vater should closely approximate their hepatic secretion rates, has been previously published (34) .
In study I-C, the rate of formula infusion was the same before and after weight reduction; in studies II-A and II-B formula was infused at an hourly rate of one-twentyfourth of the daily caloric intake of the current dietary period. After measurements of lipid secretion rates had been made in study II-A, the rate of formula infusion was altered to examine the effects of acute changes in caloric intake on biliary lipid secretion.
Individual bile acids. The relative proportions of cholic, chenodeoxycholic, and deoxycholic acids were determined by gas-liquid chromatography (GLC) of the trimethylsilyl (TMS) 1 ethers on a 1% Hi-Eff 8BP column (Applied Science Laboratories Inc., State College, Pa.) as described previously (35) . Comparison to a standard mixture of bile acids injected with each GLC run permitted correction for differential detector responses of these three bile acids. In isolation of bile acids for methylation, deconjugation was effected using the enzyme cholylglycine hydrolase (Schwarz-Mann, Orangeburg, N. Y.).
Bile acid pool size was estimated at the time of biliary lipid studies by a method recently described (36) . In brief, 5 1tCi of [24-"C]cholic acid (New England Nuclear) in 10 ml of ethanol were flushed with water through the distal lumen of the duodenal tube at the outset of formula infusion. After allowing 4 h for equilibration, the ratio of isotope to total bile acids ("specific activity") became constant (36) . A mean specific activity was determined on hourly samples over the next 6 h, and the total pool of bile acids was determined by dividing the dose of radioactivity given by the mean specific activity.
Cholesterol balance studies were carried out by methods described previously 
Data computation
Cholesterol synthesis should be equal to cholesterol balance (i.e., the difference between intake and excretion of cholesterol and its products) in the metabolic steady state. During weight maintenance (period A-1), subjects were presumably in a steady state, and synthesis could be estimated directly from balance measurements. During caloric restriction (period A-2), cholesterol balance alone could not be equal to synthesis because a metabolic steady state did not exist; in this period, cholesterol was being mobilized from adipose tissue and possibly other tissues. Although a precise measurement of mobilized cholesterol cannot be made, a rough estimate should be possible from the rate of weight loss. Table IX is laid out according to our method of calculation. The assumption was made that after several weeks of weight reduction, the daily rate of weight loss approximates the loss of triglyceride from adipose tissue. We also assumed that during this period, cholesterol and triglycerides were lost proportionately from adipose 1Abbreviation used in this paper: TMS, trimethylsilyl.
tissue. The cholesterol: triglyceride ratio in adipose tissue, measured in biopsy specimens as above, multiplied by the rate of triglyceride loss should equal the rate of cholesterol loss from adipose tissue. When the amount of cholesterol lost from adipose tissue and the amount of cholesterol ingested are both subtracted from total fecal steroid excretion, the remainder should approximate endogenous cholesterol synthesis.
Lipid composition of bile is expressed as molar percent cholesterol, bile acids, and phospholipids, according to Admirand and Small (11) . The percent saturation of bile with cholesterol was calculated according to the solubility limit described by Hegardt and Dam (20) and Holzbach et al. (21) , as well as that of Admirand and Small (11) , using the equations suggested by Thomas and Hofmann (42) .
Secretion rates of biliary lipids were calculated as previously described (34) . To permit comparison of biliary lipid secretion rates between groups of different body size (Table IV) , values for lipid outputs were normalized to mg/h per 70 kg of ideal body weight. The method and rationale for this normalization have been previously presented (18, 19 (43, 44) . These methods gave the same result in every instance except where explicitly noted.
RESULTS
I. EFFECTS OF OBESITY: STUDIES DURING MAINTE-NANCE OF STABLE WEIGHT
A. Lipid composition of gallbladder bile for the 15 pairs of obese vs. nonobese normal volunteers studied in Phoenix is shown in Table II . In 14 of the 15 matched pairs, the molar percent cholesterol was higher in the obese subject than in the nonobese control. The average molar percent of cholesterol in gallbladder bile of the obese subjects was 9.7, whereas that of the nonobese controls was significantly lower, i.e., 6.5 (P < 0.01).
The mean molar percent bile acid in the bile of the obese subjects was significantly lower than that of the nonobese matched controls (67.2 vs. 74.0, P < 0.05).
Lipid composition of gallbladder bile in the eight pairs of age-matched white men studied in San Diego is given in Table III . The mean molar percent cholesterol in the obese subjects was 11.1 compared with 6.7 for the nonobese controls (P <0.05). In seven of the eight matched pairs, molar percent cholesterol was higher in the bile of the obese subject.
When the data from the two above studies are combined, the molar percent cholesterol in gallbladder bile is significantly higher (P <0.01) and the molar percent bile acid significantly lower (P < 0.02) in the obese subjects than in the nonobese controls. Moreover, calculation of the percent saturation of bile with cholesterol, using either the line of equilibrium solubility (20, 21) or that of Admirand and Small (11) , again shows the bile of the obese subjects to be significantly more saturated than that of the nonobese puts were markedly increased in these very obese patients.
C. Bile lipid composition and secretion for 11 subjects studied before and after weight reduction are shown in Tables V and VI. The 11 subjects lost an average of 25 kg or 43% of ideal body weight. In every instance, the molar percent cholesterol in gallbladder bile was greater before weight loss than after. Mean molar percent cholesterol before weight loss was 12.0; after weight (33) .
loss it was 7.1.. This difference was significant at a level of P < 0.01. The percent saturation of gallbladder bile with reference to the metastable-labile limit (11) was higher before weight loss than after in every subject studied (P <0.01). When calculated relative to equilibrium solubility (20, 21) , the percent saturation was higher before weight loss than after in every subject except one (P < 0.01). Stimulated Lipid secretion studies were performed on these same II subjects (study I-C in Table I ) before and after weight loss to further clarify the mechanisms responsible for the observed changes in bile composition. As shown in Table VI , cholesterol secretion was higher before weight loss than after in 10 of the 11 subjects. When data from all 11 subjects were averaged, the outputs of all three biliary lipids were greater in the more obese state, but significantly so only for cholesterol. Bile acid and phospholipid secretion showed no consistent or significant change after weight reduction.
Thus, the biliary output of cholesterol was disproportionately increased in the obese state. This increase in cholesterol secretion evidently contributed to the formation of bile of increased saturation. There was a significant relationship between the amount of weight lost and the amount of decrease in cholesterol output, with a correlation coefficient (r) of 0.776 (P < 0.01). As shown in Fig. 3 , those subjects who lost the most weight (F. B., G. H., C. M.. L. H.) had the most marked reductions in cholesterol ouptut. They were also the subjects who were initially the most obese. In those subBiliary Lipids in Human Obesity A. Bile lipid composition in 10 obese white men on eucaloric and hypocaloric diets is shown in Table VII . Despite the fact that these subjects weighed less while on the hypocaloric diet than on the eucaloric diet, the relative cholesterol content of gallbladder bile was higher in 6 of the 10 while on the hypocaloric diet. Stimulated hepatic bile was generally less saturated than gallbladder bile; it showed no regular or significant decrease in cholesterol saturation during weight loss.
Secretion rates of bile lipids in nine obese men on eucaloric and then hypocaloric diets are given in Table  VIII . Outputs of all three types of biliary lipids were significantly lower after the hypocaloric dietary period than the eucaloric period. To test whether the changes observed were due simply to the rate at which formula was being infused, rather than to the chronic level of daily caloric intake, the rate of caloric infusion was varied acutely in several subjects. After measurements of lipid secretion rates had been made during the last 6 h of a 10-h period of hypocaloric infusion, the infusion rate was increased from a rate of 1,000 cal daily to 3,000-4,000 cal. As shown in Table VIII , this return of the infusion rate to approximately that of the eucaloric period did not raise the rate of bile lipid secretion to the levels observed at the end of the eucaloric period. Therefore, the findings of reduced output of cholesterol, bile acids, and phospholipids during chronic caloric restriction cannot be explained by the rate of formula infusion employed, nor can they be reversed by an acute increase in caloric input. Moreover, as shown in Table VIII , a halving of the infusion rate at the end of the eucaloric period does not reduce biliary lipid outputs to the level reached during chronic hypocaloric feeding. Thus, regardless of the rates of caloric infusion used to assess biliary lipid outputs, it is clear that chronic caloric restriction reduces the outputs of cholesterol, bile acids, and phospholipids.
Composition and pool size of bile acids were determined in eight obese white men during formula infusion at the end of the eucaloric and hypocaloric dietary periods. There was no significant difference between the two periods in the relative proportions of cholic, deoxycholic, and chenodeoxycholic acids in stimulated hepatic bile. The size of the total pool of bile acid, however, was significantly greater during weight maintenance on eucaloric diet than during weight reduction on hypocaloric diet. The total bile acid pool during weight maintenance averaged 4,088 mg and during weight reduction averaged 2,378 mg, a significant difference (P < 0.02). As noted above, bile acid secretion was also lower during caloric restriction. A reciprocal relationship between pool size and secretion rate of bile acids, previously reported for nonobese gallstone patients (45), was thus not observed in these obese men studied at two different levels of caloric intake. t Weight given for Period A-1 is the stable weight at which the subject was maintained throughout that period. The subject's weight at the end of the period of gradual weight loss on 1,000 cal is given for Period A-2. § Values for hepatic bile represent the average for six determinations during the steady-state period of formula infusion.
Cholesterol synthesis and fecal steroid excretion in nine obese men during weight maintenance and reduction are presented in Table IX . Since the diets in both periods contained cholesterol, fecal neutral steroids were derived from both endogenous and exogenous cholesterol. In the eucaloric period (A-1), cholesterol intake was greater, and this may partly account for the greater excretion in that period. During weight loss a similar pattern of change was noted for both neutral and acidic steroids: in some subjects the excretion of acidic and/or neutral steroids was markedly decreased during caloric restriction, while in others it was only slightly decreased; in every case, however, excretion was less during caloric restriction than during weight maintenance. As shown in Table IX , estimated total body synthesis of cholesterol was also less during caloric restriction than during weight maintenance in every subject.
In several subjects, the cholesterol: triglyceride ratio in adipose tissue was higher in Period A-2 than A-1, suggesting that triglyceride may have been mobilized somewhat more rapidly than cholesterol. If so, our estimate of cholesterol mobilization would be correspondingly overestimated in these subjects. Nevertheless, the results provide an interesting comparison between mobilized and newly synthesized cholesterol. They show that mobilization of cholesterol from adipose tissue may contribute significantly to cholesterol balance during weight reduction. The calculated average for mobilized cholesterol was 338 mg/day. Since cholesterol synthesis was markedly reduced during caloric restriction as compared to weight maintenance (547 vs. 1,301 mg/day), about one-third of the total excretion of endogenous steroids was probably derived from adipose tissue stores. Production of bile acids was also reduced during caloric restriction, as evidenced by decreased bile acid secretion and pool size and decreased acidic steroid excretion, and thus a major fraction of the mobilized cholesterol must have been secreted into bile as cholesterol itself. This excess cholesterol was undoubtedly one factor preventing the reduction of biliary cholesterol saturation during active weight loss. B. Bile lipid secretion and bile acid pool size in two nonobese subjects on eucaloric, hypercaloric, and hypocaloric diets are shown in Table X . The subjects gained about 3.5 kg while on hypercaloric intake (Period B-2) and lost approximately the same amount on hypocaloric intake (Period B-3). Lipid outputs for both subjects during weight maintenance were similar to those previously reported for subjects of normal weight (Table IV) , but subject D. M. had an unusually large bile acid pool. As in the obese subjects reported above, caloric restriction resulted in a decreased bile acid pool and decreased output of all three biliary lipids in both subjects. On a hypercaloric diet, however, despite caloric intake equal to that required for weight maintenance in the obese subjects reported above, cholesterol output did not rise to' the levels found among obese subjects. Therefore, the high caloric intake (3,500-5,000 cal per day) required to maintain weight in the very obese state cannot alone account for the hypersecretion of cholesterol in that state. This would suggest that something about obesity itself, apart from the caloric intake required to maintain that obesity, contributed to the excessive secretion of cholesterol found in the obese subjects reported above in studies I-C and II-A.
DISCUSSION
The present study shows that obesity is associated with supersaturation of gallbladder bile with cholesterol. Most of our obese subjects had gallbladder bile that was supersaturated by any criteria (11, 20, 21) ; their bile was clearly more saturated before weight loss than after and more saturated than the bile of matched nonobese controls. Since supersaturated bile evidently precedes and predisposes to gallstone formation (17, 26, 46, 47) , it is likely that the clinical association between obesity and gallstones can be explained by the formation of bile containing a relative excess of cholesterol.
Our results indicate that production of supersaturated bile in obese humans is due principally to enhanced secretion of cholesterol into bile. Obese subjects showed increased biliary cholesterol secretion in comparison to previously studied nonobese subjects and in comparison to themselves during and after weight reduction. Previous studies in this laboratory demonstrated that supersaturated bile in American Indian and Caucasian gallstone patients resulted from a dual defect in biliary lipid secretion: excessive cholesterol secretion and diminished bile acid secretion (18, 19) . The gallstone patients, however, were more obese than the controls, suggesting that their obesity may have accounted for at least part of these changes. Using the data from those reports, one can calculate that for each kilogram by which the Indian gallstone subjects were heavier than the normal Indian controls, they secreted an average of 1.2 mg more cholesterol per h (19) . Similarly, for each kilogram by which the non-Indian gallstone subjects were heavier than their controls they secreted 1.1 mg more cholesterol per h (18) . These figures are within the range by which cholesterol secretion decreased in the subjects who lost weight in the present study. Northfield and Hofmann, moreover, found no significant difference in 24-h lipid outputs between seven gallstone patients and seven weight-matched controls (48) . It would thus appear that the excessive biliary secretion of cholesterol in the gallstone patients previously studied in our laboratory was due to their obesity.
The present study also demonstrates that decreased outputs of solubilizing lipids are not required for formation of supersaturated bile. Pool sizes of bile acids in our obese men were among the highest reported in the literature (22, 26, 49, 50) , and phospholipid outputs were also markedly increased. Thus, our results strongly support the concept that supersaturated bile can occur independently of a decrease in solubilizing lipids and can be due entirely to an increased secretion of cholesterol.
Elevated secretion of cholesterol evidently continues during overnight fasting. This conclusion is implied by our finding that gallbladder bile obtained after overnight fasting was consistently more saturated with cholesterol than was stimulated hepatic bile. Thus, the normal "diurnal" variation in bile lipid composition (48, 51) apparently persists in obesity. Indeed, this variation may be accentuated by obesity.
Since saturation of gallbladder bile in obesity seems to be especially high, as compared to stimulated hepatic bile, it is likely that during overnight fasting even more than during caloric infusion, the secretion of cholesterol is disproportionately increased in obesity. One possible mechanism for such an increase in fasting cholesterol secretion could be that the diurnal variation in cholesterol synthesis, which is related to feeding and fasting (52) (53) (54) , might be obliterated by obesity. The obese subject should have ready access to fatty acids as a source of two-carbon fragments for cholesterol synthesis even during fasting. Moreover, in obesity plasma insulin levels are particularly elevated in the fasting state (55) , and insulin has been reported to induce increased activity of hydroxymethylglutaryl CoA reductase (56, 57) , the rate-limiting enzyme in cholesterol synthesis. If excess cholesterol is produced in the liver during fasting in obese persons, its secretion directly into bile would account for our observation of increased saturation of gallbladder bile in obese subjects.
The increased hepatic secretion of cholesterol in obesity is almost certainly related to excessive production of cholesterol. Several studies have shown that cholesterol synthesis is increased in obesity (27) (28) (29) (30) (31) (32) , and the nine obese men whose cholesterol synthesis was measured in the present study had higher synthesis rates than those reported for nonobese subjects (reference 30, Table II ). The major route for excretion of newly synthesized cholesterol is via the biliary tract, and it might therefore be expected that obese subjects would secrete increased amounts of cholesterol into their bile.
The mechanisms responsible for the increased cholesterol synthesis and secretion in obesity are not known. It is conceivable that the hypertrophied adipose tissue itself might produce increased amounts of cholesterol, but Schreibman et al. (58) did not detect significant amounts of cholesterol synthesis in adipose tissue. On the other hand, some of the excess production of cholesterol might simply be a consequence of the increased caloric intake required to maintain the obese state.
It is possible that greater caloric intake might enhance biliary lipid secretion through a direct affect upon the intestinal tract. For example, Brunner et al. (59) reported that secretion rates of biliary lipids are acutely dependent on caloric intake; these workers found that recycling rates of bile acids in the enterohepatic circulation depend on the level of caloric input, and that secretion rates of other lipids are in turn related to the quantity of bile acids fluxed through the liver. Our results do not support this mechanism as the whole explanation of abnormal lipid secretion in obesity. Although acute increases in the rate of caloric infusion usually resulted in increased lipid secretion rates, these changes were not of the magnitude found after prolonged dietary intake of calories at the levels required to maintain massive obesity.
Another possible cause of the increased secretion of cholesterol in obesity might be the chronic ingestion of a high caloric diet, as required for weight maintenance. The finding that biliary lipids are reduced during caloric restriction supports this possibility. However, the high outputs of cholesterol found in obese subjects could not be reproduced in our two nonobese subj ects studied after a month of weight gain on high calorie diet.
Thus, increased chronic food intake may enhance biliary lipid secretion by promoting the flux of bile acids in the enterohepatic circulation and by increasing synthesis of all constituents, but obesity per se seems to cause a further, disproportionate increase in cholesterol secretion, especially in the fasting state. The mechanism of the latter effect is not apparent, but it might be related to loss of diurnal variation in cholesterol synthesis.
Since obesity is associated with supersaturated bile, an important question is whether weight reduction will cause a decreased saturation. In these studies, weight reduction has been examined in two phases: (a) the transitional period of active weight reduction, and (b) the period after weight loss in which a constant weight had been re-established at a new lower level. As discussed below, there are important differences between these two phases in the metabolism of biliary lipids.
An unexpected observation was that saturation of gallbladder bile did not decrease during the period of active weight reduction. Indeed it increased in 6 out of 10 subjects. This same finding has been recently reported in a preliminary communication by Schreibman et al. (60) . Increased saturation could be due to further enhancement of cholesterol secretion or to reduction in output of solubilizing lipids. Schreibman and coworkers (60) suggested that mobilization of cholesterol from adipose tissue pools into bile might be responsible for the greater saturation. In absolute terms, however, hepatic secretion of cholesterol in our obese patients was not increased during weight reduction; in fact, there was a significant decline in cholesterol outputs with caloric restriction. Thus, a net increase in saturation during weight reduction must be due to a greater decrease in solubilizing lipids than in cholesterol. Nevertheless, while absolute secretion rates of cholesterol were decreased during the period of weight loss, mobilization of cholesterol from adipose tissue could still play an important role in the greater saturation of this period. Our calculations indicate that a significant fraction of the fecal excretion of cholesterol and its products could have been derived from cholesterol that was lost from adipose tissue. If it were not for this increment of cholesterol, depression of cholesterol secretion during caloric restriction might have been uniform for all lipids so that saturation would not be increased. The contribution of cholesterol from adipose tissue therefore may be significant in preventing a decrease in saturation of fasting gallbladder bile during weight reduction.
After re-establishment of constant weight at a reduced level, gallbladder bile is consistently less saturated with cholesterol than before weight reduction. This decreased saturation apparently results from reduced cho-lesterol secretion, which in turn is probably secondary to the reduced cholesterol synthesis shown by Miettinen to follow weight loss (30) . Maintenance of constant weight at a reduced level differs from active weight reduction in two important respects: (a) secretion rates of bile acids and phospholipids are not significantly curtailed, and (b) there is no net mobilization of cholesterol from adipose tissue. Both of these differences would favor a decreased saturation of bile during weight maintenance, as compared to the period of caloric restriction.
In conclusion, these studies show that saturation of gallbladder bile is increased in obesity. This increase is primarily the result of enhanced secretion of cholesterol into bile and not of a reduction in solubilizing lipids. During caloric restriction in obese subjects, saturation can actually increase because of decreased output of bile acids and phospholipids, as well as mobilization of cholesterol from adipose stores. When weight maintenance is re-established at a lower level, however, saturation is consistently reduced as compared to the more obese state. Thus, although some subjects may transiently be at increased risk for gallstone formation during active weight reduction, if a lower weight can be established and maintained the chances of gallstone formation would appear to be consistently decreased.
